One of the most disastrous forms of collective human behaviour is the kind of crowd stampede induced by panic, often leading to fatalities as people are crushed or trampled. Sometimes this behaviour is triggered in life-threatening situations such as fires in crowded buildings; 1,2 at other times, stampedes can arise from the rush for seats 3,4 or seemingly without causes. Tragic examples within recent months include the panics in Harare, Zimbabwe, and at the Roskilde rock concert in Denmark. Although engineers are finding ways to alleviate the scale of such disasters, their frequency seems to be increasing with the number and size of mass events. 2,5 Yet, systematic studies of panic behaviour, 6−9 and quantitative theories capable of predicting such crowd dynamics, 5,10 −12 are rare. Here we show that simulations based on a model of pedestrian behaviour can provide valuable insights into the mechanisms of and preconditions for panic and jamming by incoordination. Our results suggest practical ways of minimising the harmful consequences of such events 1
One of the most disastrous forms of collective human behaviour is the kind of crowd stampede induced by panic, often leading to fatalities as people are crushed or trampled. Sometimes this behaviour is triggered in life-threatening situations such as fires in crowded buildings; 1,2 at other times, stampedes can arise from the rush for seats 3, 4 or seemingly without causes. Tragic examples within recent months include the panics in Harare, Zimbabwe, and at the Roskilde rock concert in Denmark. Although engineers are finding ways to alleviate the scale of such disasters, their frequency seems to be increasing with the number and size of mass events. 2, 5 Yet, systematic studies of panic behaviour, 6−9 and quantitative theories capable of predicting such crowd dynamics, 5,10 −12 are rare. Here we show that simulations based on a model of pedestrian behaviour can provide valuable insights into the mechanisms of and preconditions for panic and jamming by incoordination. Our results suggest practical ways of minimising the harmful consequences of such events and the existence of an optimal escape strategy, corresponding to a suitable mixture of individualistic and collective behaviour.
Up to now, panics as a particular form of collective behaviour occuring in situations of scarce or dwindling resources 1, 6 has been mainly studied from the perspective of social psychology. 7−9 Panicking individuals tend to show maladaptive and relentless mass behaviour like jamming and life-threatening overcrowding, [1] [2] [3] [4] 8 which has often been attributed to social contagion 1, 4, 8 (see Brown 9 for an overview of theories). According to Mintz, 6 the observed jamming is a result of incoordination and depends on the reward structure.
After having carefully studied the related socio-psychological literature, 6−9 reports in the media and available video materials (see http://angel.elte. hu/ panic/), empirical investigations, 1,2,3 and engineering handbooks, 13, 14 we can summarise the following characteristic features of escape panics: (i) People move or try to move considerably faster than normal. 13 These observations have encouraged us to model the collective phenomenon of escape panic in the spirit of self-driven many-particle systems. Our computer simulations of the crowd dynamics of pedestrians are based on a generalised force model, 15 which is particularly suited to describe the fatal build up of pressure observed during panics. [2] [3] [4] 5 We assume a mixture of socio-psychological 16 and physical forces influencing the behaviour in a crowd: Each of N pedestrians i of mass m i likes to move with a certain desired speed v 0 i into a certain direction e 0 i , and therefore tends to correspondingly adapt his or her actual velocity v i with a certain characteristic time τ i . Simultaneously, he or she tries to keep a velocity-dependent distance to other pedestrians j and walls W . This can be modelled by "interaction forces" f ij and f iW , respectively.
In mathematical terms, the change of velocity in time t is then given by the acceleration equation
while the change of position r i (t) is given by the velocity v i (t) = dr i /dt.
We describe the psychological tendency of two pedestrians i and j to stay away from each other by a repulsive interaction force
where A i and B i are constants. d ij = r i − r j denotes the distance between the pedestrians' centers of mass, and n ij = (n 1 ij , n 2 ij ) = (r i − r j )/d ij is the normalised vector pointing from pedestrian j to i. If their distance d ij is smaller than the sum r ij = (r i + r j ) of their radii r i and r j , the pedestrians touch each other. In this case, we assume two additional forces inspired by granular interactions, 17, 18 which are essential for understanding the particular effects in panicking crowds: a "body force" k(r ij − d ij ) n ij counteracting body compression and a "sliding friction force" κ(r ij −d ij ) ∆v t ji t ij impeding relative tangential motion, if pedestrian i comes close to j. Herein, t ij = (−n 2 ij , n 1 ij ) means the tangential direction and ∆v t ji = (v j −v i )·t ij the tangential velocity difference, while k and κ represent large constants. In summary, we have
where the function g(x) is zero, if the pedestrians do not touch each other
The interaction with the walls is treated analogously, i.e., if d iW means the distance to wall W , n iW denotes the direction perpendicular to it, and t iW the direction tangential to it, the corresponding interaction force with the wall reads
Probably due to the fact that escape panics are unexpected and dangerous events, which also excludes real-life experiments, we could not find suitable data on escape panics to test our model quantitatively. This scarcity of data calls for reliable models. We have, therefore, specified the parameters as follows: With a mass of m i = 80 kg, we represent an average soccer fan. The desired velocity v 0 i can reach more than 5 m/s (up to 10 m/s), 14 Based on the above model assumptions, we will now simulate several important phenomena of escape panic, which are insensitive to reasonable parameter variations, but fortunately become less pronounced for wider exits.
1. Transition to Incoordination due to Clogging. The simulated outflow from a room is well-coordinated and regular, if the desired velocities v 0 i = v 0 are normal. However, for desired velocities above 1.5 m/s, i.e. for people in a rush, we find an irregular succession of arch-like blockings of the exit and avalanchelike bunches of leaving pedestrians, when the arches break (see Fig. 1a 
This phenomenon is compatible with the empirical observations mentioned above and comparable to intermittent clogging found in granular flows through funnels or hoppers 17, 18 (although this has been attributed to static friction between particles without remote interactions, and the transition to clogging has been observed for small enough openings rather than for a variation of the driving force).
"
Faster-Is-Slower Effect" due to Impatience. Since clogging is connected with delays, trying to move faster (i.e., increasing v 0 i ) can cause a smaller average speed of leaving, if the friction parameter κ is large enough (see Fig. 1c 
Mass Behaviour.
We investigate a situation in which pedestrians are trying to leave a smoky room, but first have to find one of the invisible exits (see Fig. 3a ). Each pedestrian i may either select an individual direction e i or follow the average direction e 0 j (t) i of his neighbours j in a certain radius R i , 19 or try a mixture of both. We assume that both options are weighted with some parameter p i :
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where N (z) = z/ z denotes normalisation of a vector z. As a consequence, we have individualistic behaviour if p i is low, but herding behaviour if p i is high. Therefore, p i reflects the degree of panics of individual i.
Our model suggests that neither individualistic nor herding behaviour performs well (see Fig. 3b ). Pure individualistic behaviour means that each pedestrian finds an exit only accidentally, while pure herding behaviour implies that the complete crowd is eventually moving into the same and probably blocked direction, so that available exits are not efficiently used, in agreement with observations. According to Figs. 3b and c, we expect optimal chances of survival for a certain mixture of individualistic and herding behaviour, where individualism allows some people to detect the exits and herding guarantees that successful solutions are imitated by the others. If pedestrians follow the walls instead of "reflecting" at them, we expect that herd following causes jamming and inefficient use of doors as well (see Fig. 1 ), while individualists moving in opposite directions obstruct each other.
In summary, we have developed a continuous pedestrian model based on plausible interactions, which is, due to its simplicity, robust with respect to parameter variations and suitable for drawing conclusions about the possible mechanisms beyond escape panic (regarding an increase of the desired velocity, strong friction effects during physical interactions, and herding). After having calibrated the model parameters to available data on pedestrian flows, we managed to reproduce many observed phenomena including i) the build up of pressure, ii) clogging effects at bottlenecks, iii) jamming at widenings, iv)
the "faster-is-slower effect", v) inefficient use of alternative exits (see Fig. 3d ), and vi) initiation of panics by counterflows and impatience (i.e., seemingly Due to the above "faster-is-slower effect", panics can be triggered by pedestrian counterflows, 2 which cause delays to the crowd intending to leave. This makes the stopped pedestrians impatient and pushy. One may describe this by increasing the desired velocity according to v 0
is the initial and v max i the maximum desired velocity. The time-dependent parameter 
